.-To understand the molecular mechanism of oxidation-induced inhibition of muscle contractility, we have studied the effects of hydrogen peroxide on permeabilized rabbit psoas muscle fibers, focusing on changes in myosin purified from these fibers. Oxidation by 5 mM peroxide decreased fiber contractility (isometric force and shortening velocity) without significant changes in the enzymatic activity of myofibrils and isolated myosin. The inhibitory effects were reversed by treating fibers with dithiothreitol. Oxidation by 50 mM peroxide had a more pronounced and irreversible inhibitory effect on fiber contractility and also affected enzymatic activity of myofibrils, myosin, and actomyosin. Peroxide treatment also affected regulation of contractility, resulting in fiber activation in the absence of calcium. Electron paramagnetic resonance of spinlabeled myosin in muscle fibers showed that oxidation increased the fraction of myosin heads in the strong-binding structural state under relaxing conditions (low calcium) but had no effect under activating conditions (high calcium). This change in the distribution of structural states of myosin provides a plausible explanation for the observed changes in both contractile and regulatory functions. Mass spectroscopy analysis showed that 50 mM but not 5 mM peroxide induced oxidative modifications in both isoforms of the essential light chains and in the heavy chain of myosin subfragment 1 by targeting multiple methionine residues. We conclude that 1) inhibition of muscle fiber contractility via oxidation of myosin occurs at high but not low concentrations of peroxide and 2) the inhibitory effects of oxidation suggest a critical and previously unknown role of methionines in myosin function. oxidation; proteomics REACTIVE OXYGEN AND NITROGEN species are produced in living cells and are involved in the regulation of normal metabolic processes, but their excessive generation may lead to modifications of proteins and their physiological functions (34, 41, 74, 77, 92) . For example, treatment of intact and permeabilized skeletal muscle fibers with such oxidants as nitric oxide, peroxynitrite, hydroxyl radicals, and hydrogen peroxide resulted in changes in force and Ca 2ϩ sensitivity that were variable depending on muscle fiber type, conditions of modification, and the applied reagent (2, 3, 14, 30, 38, 60, 61) . The results were discussed in terms of possible effects on myofibrillar Ca 2ϩ sensitivity, state of contractile proteins, and oxidation of cysteines, but direct analysis of proteins purified from the affected muscle were not performed, so the molecular basis behind the observed changes remained unknown. Because individual oxidants can react with multiple amino acids and can form multiple products, understanding the molecular basis of oxidation-induced changes in muscle contractility in terms of chemical, functional, and structural changes at the level of individual proteins requires studies using well-defined in vitro model systems.
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We have selected as our model oxidant hydrogen peroxide (H 2 O 2 ). H 2 O 2 is naturally produced in many tissues, including skeletal muscle. It is involved in multiple physiological processes necessary for normal functioning of cells (29, 69, 76) , but it can also have deleterious effects and has been used to study the mechanism of cardiac and smooth muscle dysfunction (37, 57, 59, 98) .
Previously reported physiological studies on the effects of H 2 O 2 on skeletal muscle contractility have been performed with a variety of muscles, such as permeabilized extensor digitorum longus (EDL) and soleus muscle from rat, intact fibers from mouse foot, and permeabilized rat diaphragm fibers (2, 14, 38, 61) We have selected as our model muscle permeabilized rabbit psoas muscle fibers because these fibers have been routinely used to determine molecular changes in myosin during muscle contraction (20, 55) , and because permeabilization diminishes the number of possible targets of peroxide by removing soluble proteins and the membrane-based excitationcontraction system. The majority of proteins remaining in the permeabilized psoas are actin (22%) and myosin (43%) (99) . Also, the large size of the rabbit psoas muscle enables purification of myosin and actin in amounts required for biochemical and proteomic studies. In the present study we focused on oxidation-induced changes in myosin, and the changes in actin will be described in a separate paper.
Skeletal muscle myosin is a hexamer composed of two heavy chains, two regulatory light chains (RLC), and two essential light chains (ELC), of which there are two isoforms, ELC1 and ELC2. The specific regions essential to myosin's contractile and enzymatic activity are localized in the globular region of each heavy chain, named the myosin head. The light chains of skeletal muscle myosin have mainly regulatory functions involving calcium regulation and fiber shortening velocity (80) , as well as regulating the extent of actin activation of myosin ATPase (75, 87, 93) . Most current theories of muscle contraction postulate that hydrolysis of ATP by actomyosin is accompanied by structural changes in myosin and actin and force is generated during transition of the myosin head from the states of weak interaction to the states of strong interaction with actin (65, 83) . We hypothesize that oxidation-induced decreases of contractile and enzymatic functions of muscle fibers will be linked to changes in structural transitions of myosin during the actomyosin ATPase cycle because of oxidation of specific regions in the myosin head.
The unique feature of the present study is that we tracked the functional effects of peroxide treatment from the level of the muscle fiber to individual amino acid residues of myosin purified from these fibers. The measurements on fibers included isometric force, resting tension, maximal shortening velocity, enzymatic activities, and the distribution of myosin structural states determined by electron paramagnetic resonance (EPR). Myosin purified from the fibers was used to determine V max and K m of actomyosin ATPase and the affinities (K d ) of weak and strong binding to actin. Chemical changes in functional domains of myosin and within the individual myosin residues were determined with mass spectroscopy (MS).
EXPERIMENTAL PROCEDURES

Preparation of Rabbit Psoas Muscle Fibers
All samples in this study were obtained from permeabilized rabbit psoas muscle. Animal care and use procedures were approved by the University of Minnesota institutional animal care and use committee and complied with guidelines set by the American Physiological Society. Strips of psoas muscle were freshly dissected from New Zealand White rabbits and permeabilized by incubation for 6 h at 4°C on a shaker in a glycerination buffer [in mM: 60 potassium propionate (KPr), 25 MOPS pH 7.0, 2 EGTA, and 1 NaN 3, with 0.5% Triton X-100 and 25% glycerol]. Strips were then incubated for 20 h in a storage buffer (in mM: 60 KPr, 25 MOPS pH 7.0, 2 MgCl 2, 1 EGTA, and 1 NaN3, with 50% glycerol) at 4°C and finally transferred to fresh storage buffer containing 0.1 mM DTT and stored at Ϫ20°C for up to 5 mo.
Oxidation of Muscle Fibers
Permeabilized strips were further dissected on ice into 0.5-to 1-mm-thick fiber bundles and collected in a 50-ml Falcon tube, and glycerol was washed out by three cycles of 2-min centrifugation at 1,800 g and resuspension of pelleted fiber bundles in rigor buffer (RB; in mM: 130 KPr, 25 MOPS pH 7.0, 6 MgCl 2, and 1 EGTA) at 4°C. The final suspension of fiber bundles was divided, and one part was designated for a control unoxidized sample and the other part for oxidation. Oxidation was carried out by incubating fiber bundles for 30 min at 25°C in RB containing either 5 mM or 50 mM H 2O2. To terminate oxidation, H2O2 was washed out by two cycles of 2-min centrifugation at 1,800 g and resuspension of pelleted fibers in RB at 4°C. Washed fiber bundles were then reduced by 15-min incubation at 4°C in RB supplemented with 10 mM DTT. Reduced fiber bundles were washed five times at 4°C in 20 mM Tris pH 7.5. Control unoxidized samples were always prepared and treated in parallel to the oxidized samples except for the omission of H 2O2. Myofibrils from the permeabilized fiber bundles were prepared by homogenization (5 ϫ 10 s) on ice in 20 mM Tris pH 7.5 with a PowerGen 700 homogenizer. Fiber bundles used for 4-(2-iodoacetamido)-2,2,6,6-tetramethyl-1-piperidinyloxy spin label (IASL) labeling and for isolation of single fibers were prepared following the same protocol as that for the fiber bundles described above for oxidation except that the fiber bundles were immediately bound to glass rods and washes were carried out by transferring the rods between tubes filled with 5 ml of RB. After oxidation and DTT reduction, rod-bound fiber bundles were washed three times in RB and then stored in the relaxing buffer (defined below) until contractile measurements were done on the day of oxidation. Control experiments showed that the effect of oxidation on myofibrillar ATPases was independent of whether oxidation was carried out on a large number of fiber bundles in suspension or on rod-bound fiber bundles.
Single-Fiber Contractile Measurements
Individual muscle fiber segments (ϳ2 mm long) were isolated from unoxidized and oxidized fiber bundles and transferred to a relaxing buffer (in mM: 7.0 EGTA, 5.4 MgCl 2, 20 imidazole pH 7.0, 14.5 creatine phosphate, and 4.7 ATP, with CaCl2 to achieve pCa 9 and KCl to achieve ionic strength of 180 mM). The sarcomere length of each fiber was set to 2.5 m, and resting tension was recorded. Fibers were studied at 20°C for force-Ca 2ϩ relationships (44, 48) or at 15°C for maximal isometric force at pCa 4.5 (Fmax), resting tension at pCa 9, and unloaded shortening velocity V0 (42-44, 64, 85) .
EPR of IASL-Labeled Muscle Fiber Bundles
Unoxidized and oxidized fiber bundles were labeled with IASL, which specifically targets Cys707 in the catalytic domain of myosin subfragment 1 (S1), as described previously (43, 55) .
EPR spectroscopy of spin-labeled muscle fiber bundles under conditions of rigor, relaxation, and contraction was performed on an E500 EleXsys spectrometer (Bruker Instruments) as described previously (43) . The intensities of spectra were measured in isometric contraction (C) and relaxation (E) by averaging nine points of each spectrum at the position corresponding to the minimum of the rigor spectrum, which was defined to be zero (Fig. 1) . The peak of the rigor spectrum (R max) was also measured. These intensities were used to determine the fraction of myosin heads in the strong-binding structural state during contraction (X C) and relaxation (XE). This calculation was simplified by observing that 1) the spectrum obtained in contraction is a linear combination of spectra obtained during relaxation and rigor, as shown previously (43) , 2) E/R max is constant (0.63) for unoxidized fibers, 3) oxidation has no effect on the spectrum in rigor (R), and 4) in unoxidized fibers X E ϭ 0. Thus, for unoxidized fibers, XC was calculated from
and for oxidized fibers, XE and XC were calculated from
which reduces to Eq. 1 for unoxidized fibers (E/Rmax ϭ 0.63).
Preparation of Myosin, ␣-Chymotryptic Myosin S1, and Heavy Meromyosin from Muscle Fiber Bundles
All procedures were carried out on ice or at 4°C, unless stated otherwise. Oxidized and unoxidized bundles were pelleted by 5-min centrifugation at 1,800 g; the amount of pelleted fibers was in the range of 3-5 ml, depending on preparation. Myosin was extracted by incubating the pellets for 15 min on ice with three volumes of a high-salt buffer (0.6 M KCl, 4 mM MgCl 2, 2 mM EGTA, 0.1 M K-phosphate pH 6.5, 2 mM ATP, and 5 mM DTT) followed by 10-min centrifugation at 3,200 g. The supernatants containing myosin were dialyzed overnight to 1 liter of 20 mM KCl-10 mM imidazole pH 7.0. Precipitated myosin was collected by 15-min centrifugation at 12,000 g, dissolved in 0.3 M KCl-10 mM imidazole pH 7.0, and centrifuged for 30 min at 300,000 g to remove actin and actomyosin. The purity of myosin was confirmed by SDS-PAGE. This myosin was used for ATPase measurements and preparation of S1. S1 was prepared by ␣-chymotrypsin (Sigma) digestion of filamentous myosin (96) and stored in liquid nitrogen in the presence of 0.15 M sucrose. Control experiments performed on fresh and liquid nitrogen-stored S1 showed that the storage did not affect the high-salt ATPase activities or thiol content of S1. Typically, 1 g of pelleted fibers yielded ϳ2 mg of S1.
Heavy meromyosin (HMM) was prepared by ␣-chymotrypsin digestion of solubilized myosin as described previously (64) and used exclusively for detecting RLCs in MS experiments.
Protein Concentration
Concentration of myofibrils was measured by the Bradford (12) protein assay (Bio-Rad) with bovine serum albumin (Sigma) as a standard. The concentration of purified proteins was measured by ultraviolet absorption, assuming molar extinction coefficients of 0.63 mg ⅐ ml Ϫ1 ⅐ cm Ϫ1 for actin at 290 nm, 0.53 mg ⅐ ml Ϫ1 ⅐ cm Ϫ1 for myosin at 280 nm, and 0.75 mg ⅐ ml Ϫ1 ⅐ cm Ϫ1 for S1 at 280 nm. Protein concentrations of S1 determined by ultraviolet absorption were the same as those determined by Bradford protein assay, showing that the molar extinction coefficients of purified proteins were not affected by oxidation.
Interaction of S1 With Actin: Strong and Weak Binding Affinity and Actin-Activated ATPase
Actin used in these experiments was extracted from rabbit skeletal muscle acetone powder, purified as described previously (65) , and dissolved in F-actin (FA) buffer (mM): 3 MgCl2-10 Tris pH 7.5 supplemented with 0.2 ATP.
Binding of S1 to actin was measured at 25°C in FA buffer containing 1) 1 mM ADP ϩ 20 M adenylate kinase inhibitor P 1 ,P 5 -di(adenosine-5Ј)pentaphosphate (Ap5A) in samples for strong binding (in the absence of ATP) or 2) 2.7 mM ATP in samples for weak binding (in the presence of ATP), as described previously (63, 65) . The actin-activated S1 ATPase was measured at 25°C in FA buffer and 2.2 mM ATP, as described previously (64) .
The high-salt ATPase activities of myofibrils, myosin, and S1 were measured at 25°C in 4 mM ATP and 0.6 M KCl, 50 mM Tris pH 7.5, and 5 mM EDTA (K-ATPase), or 5 mM CaCl2 (Ca-ATPase). The physiological ATPase activities of myofibrils were measured at 25°C in (mM) 3 ATP, 121 KPr, 25 Tris, 3 MgCl2, and 1.5 CaCl2, pH 7.0 (activating conditions, pCa 4.5) and (mM) 3 ATP, 124 KPr, 25 Tris, 3 MgCl2, and 2 EGTA, pH 7.0 (relaxing conditions, pCa 9). The concentration of the liberated phosphate was determined by the malachite green method (39) .
Determination of Reactive Cysteine
Reactive cysteines were quantitated in 2.7 M S1 in the presence of 0.1 M NaHPO4 pH 8.0, 1 mM EDTA, 1% SDS, and 10 mM Tris (pH 7.5) by the 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB) method. The cysteine content (mol cysteine/mol protein) was calculated by using the absorption coefficient of the TNB anion at 412 nm as 14,150 M Ϫ1 cm Ϫ1 (68) .
Fluorescein Iodoacetamide and Isotope-Coded Affinity Tag Labeling of S1
In experiments using native S1, 100 M fluorescein iodoacetamide (IAF; Invitrogen) dissolved in dimethylformamide was added to 10 M S1 in 60 mM KCl-50 mM Tris pH 7.5 and incubated for 3 h at 0°C (81) . In experiments using denatured S1, 350 M IAF dissolved in dimethylformamide was added to 3.2 M S1 in 25 mM Tris pH 8.5-0.1% SDS-10% acetonitrile and incubated for 2 h at 37°C (denatured S1). Each reaction was terminated by loading samples on Sephadex G-25 columns and eluting with 25 mM NH 4HCO3.
Isotope-coded affinity tag (ICAT) labeling of S1 with light 12 C reagent (unoxidized S1) and heavy 13 C reagent (oxidized S1) was carried out according to the manufacturer's instructions and using the manufacturer's buffers and columns [Applied Biosystems (ABI) Cleavable ICAT Reagent 10-Assay Kit, part no. 4339036].
Mass Spectroscopy
Electrospray analysis of heavy and light chains of S1. S1 (1-2 mg/ml) was dialyzed for 12-24 h at 4°C to 10 mM ammonium bicarbonate (pH 7.9). One aliquot of S1 was used directly for MS analysis of the intact protein, and another aliquot was subjected to limited trypsin (Worthington) digest into 20-kDa, 23-kDa, and 50-kDa domains by 30-min incubation at 23°C with a substrate-toenzyme ratio of 100:1 (52). The digestion was terminated by the addition of a twofold excess of soybean trypsin inhibitor relative to trypsin, and samples were immediately analyzed by MS. S1 from three independently prepared pairs of unoxidized and 50 mM H 2O2-oxidized fibers was used for analysis, and analysis of one S1 pair was performed in duplicate.
The masses of the S1 heavy chain, the heavy chain tryptic domains, and light chains were determined with a QSTAR quadrupole-TOF mass spectrometer (ABI) with an electrospray ionization (ESI) source. Before infusion of the intact S1 solution, a solution of 50:50 acetonitrile-water and 0.1% formic acid (load solution) was infused at 50 l/min with an integrated syringe pump. After a stable, baseline total ion current (TIC) was established for the load solution, the protein solution (20 M protein, 10 mM NH 4HCO3 pH 7.9) was introduced into the solvent stream with a 10-l injection loop installed in the integrated loop injector. After the TIC returned to baseline intensity, four more consecutive loop injections of the protein solution were made, for a total of five injections per sample. Data were acquired continuously during load buffer infusion and protein infusions over the range 500 -2,000 mass-to-charge ratio (m/z).
Matrix-assisted laser desorption ionization MS and ESI analysis of S1 peptides. Exhaustive digestion of S1 into peptides was performed in 25 mM ammonium bicarbonate (pH 7.9) and 5% acetonitrile, using an protein-to-enzyme ratio of 20:1 (wt/wt) for trypsin (Promega), Glu-C (Roche), or an equal mixture of Glu C and Lys-C (Roche). After 16-h incubation at 37°C (trypsin) or at 25°C (Glu-C, Glu-C/ Lys-C), the digestion was terminated by lowering the pH to 3 with 10% trifluoroacetic acid (TFA) for matrix-assisted laser desorption ionization (MALDI) MS analysis or 10% formic acid for the ESI analysis. S1 from two to four independently prepared pairs of unoxidized and 50 mM H 2O2-oxidized fibers were used for analysis.
MALDI MS analysis. Peptides from IAF-and ICAT-labeled S1 were desalted with C-18 ZipTips (Millipore) according to the manufacturer's protocol. Eluted peptides were mixed 1:1 with a saturated solution of ␣-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% TFA. One microliter of the peptide-matrix solution was spotted on a MALDI target and allowed to dry on the benchtop. Analysis of peptides was performed on a QSTAR-XL Hybrid Quadrupole TOF mass spectrometer (ABI) over an m/z range of 500 -3,500, using a pulser frequency of 4.993 kHz. A 337-nm nitrogen laser was used, with 8 J of energy and a repetition rate of 20 Hz. The instrument was calibrated with commercially available peptides (angiotensin II, 1046.5417, monoisotopic m/z, and ACTH clip [18 -39] , 2465.1989 monoisotopic m/z) (Sigma). The relative amount of cysteine-containing peptides in IAF-labeled S1 was quantitated by normalizing the total peak area of the cysteine-containing peptide {using all measurable [signal-to-noise ratio (S/N) Ͼ3] peaks in the isotope envelope} to the total peak area of a reference peptide. The reference peptide was chosen as one that did not contain oxidizable residues (C, N, W, or Y) and should therefore be unaffected by the H2O2 treatment. One peptide met this criterion: GSSFQRVSALFR (mass 1298.66 Da) in the trypsin digestion and GSSFQRVSALFRE (mass 1427.71 Da) in the Glu-C/Lys-C digestion. This quantitation procedure was validated by analyzing a single sample multiple times with multiple acquisition times, and the ratio of the labeled peptide area to the reference peptide area remained constant (within Ϯ5% variability) for each replicate. The normalized areas for all labeled peptides from the oxidized samples were expressed as a fraction of the normalized areas for the same IAF-labeled peptide from the unoxidized samples, giving a relative content of reactive cysteines.
ESI analysis. Peptides from unlabeled S1 were desalted with a 3-ml C18 Sep-Pak cartridge (Waters, Milford, MA) according to the manufacturer's protocol and separated on a strong-cation exchange column (PolyLC) into 28 fractions collected in 3-min time intervals. The peptides were eluted during a 60-min linear gradient of 0 -500 mM KCl in aqueous K2HPO4 (pH 3), 20% acetonitrile. Fractions with absorbance at 280 nm lower than 2 milliabsorbance units were discarded. Fractions with a UV intensity above the baseline level (except for the flow-through fractions between 0 and 10 min) were separated by C18 reverse-phase capillary liquid chromatography (LC) online with a QSTAR Pulsar i quadrupole-TOF MS instrument (ABI) with a Proxeon nano-ESI source. Details of the LC-MS/MS method were described previously (35) .
Analysis of mass spectroscopy data. The ESI spectra of S1 heavy and light chains and the MALDI spectra of S1 peptides were analyzed with BioAnalyst QS (ABI) software (version 1.1.5). The Bayesian Protein or Peptide Reconstruction tool was used to generate peak lists from the spectra, using a S/N threshold of 20 for intact S1 and its tryptic domains and 8 for S1 peptides. Error of protein reconstruction was calculated with a propagated error formula described previously (58) . Individual reconstruction error ranges were for intact S1 0.1-0.5 Da (heavy chain) and 0.01-0.1 Da (ELC) and for tryptic domains 0.07-0.2 Da (23 kDa), 0.08 -0.2 Da (20 kDa), and 0.01-1 Da (50 kDa).
Theoretical protein masses for known sequences of myosin heavy and light chains (sequence identifiers in the NCBI protein database: gi 13431707, gi 127130, gi 127135, and gi 127176) and of S1 domains were compared with experimental peak masses. The experimental masses of heavy chain, its tryptic domains, and ELCs given in the text represent averages of two or three independent measurements and standard deviations. All results of MS measurements (protein and peptides) are reported as a mass M.
The ESI spectra of S1 peptides were analyzed with Protein Pilot software (version 1, ABI) with the following parameters: ID type: peptide; enzyme: trypsin or Glu-C; biological modifications: invoked; thorough search: invoked; cysteine modification: none; minimum protein confidence: 90%; database: rabbit proteins extracted from NCBI nonredundant database on November 29, 2006 , merged with common contaminants to create a database containing 4,926 proteins. Peptides with a confidence score Ͻ95% were excluded from the analysis. The MS/MS spectra of the peptides highlighted by the software as modified were inspected manually for accuracy. The "no cysteine alkylation" modification set automatically included searches for cysteic acid and dehydroalanine (from cysteine), and the biological modifications set included searches for oxidations of methionine, tryptophan, and histidine.
Statistical Analysis of Data
Results are presented as means Ϯ SE, unless otherwise indicated. The effects of oxidation were evaluated by one-way ANOVA, with Tukey post hoc tests performed for multiple comparisons. Differences were considered significant when P Ͻ 0.05.
RESULTS
Selecting Conditions of Muscle Fiber Oxidation by H 2 O 2
The conditions of oxidation were selected in a series of preliminary experiments in which fibers were oxidized with increasing concentrations of H 2 O 2 (0 -200 mM) in RB. Previous works from our laboratories (6, 43, 55) documented that this buffer supports optimal contractile function of fibers associated with structural transitions in myosin, detectable by EPR spectroscopy; buffers of similar composition were also used in other studies on oxidation of permeabilized muscle fibers (14, 38, 61) .
The effects of the increasing concentrations of H 2 O 2 were assessed by measuring changes in all four myofibrillar ATPase activities. On the basis of these results two concentrations of H 2 O 2 , 5 and 50 mM, were selected for detailed functional, structural, biochemical, and proteomic studies. Oxidation by 5 mM H 2 O 2 initiated measurable changes in ATPases, and 50 mM H 2 O 2 induced ϳ50% change in at least one of the ATPase activities (data not shown), indicating that at this concentration we would be able to detect significant biochemical and structural effects. Since molecular changes induced by H 2 O 2 could also depend on the physiological state of muscle during oxidation (30, 38) , we compared the enzymatic effects of muscle fiber oxidation by 50 mM H 2 O 2 in the absence (rigor) and the presence of 10 mM K-pyrophosphate (stable condition like relaxation). Oxidationinduced changes in myofibrillar ATPase activities were independent of the presence of pyrophosphate; therefore in the present study H 2 O 2 treatment was performed on fibers in the rigor state.
Effects of H 2 O 2 Oxidation on Contractile Function of Muscle Fibers
The contractile parameters (Fig. 2) (n ϭ 24), were similar to those reported from other laboratories (17, 46 (Fig. 3A) . In contrast, a decrease was observed in pCa 50 (where 50% of the F max is developed), with no significant difference between the effects of 5 and 50 mM H 2 O 2 (Fig. 3B) ] required for 50% of the maximum force. These oxidation-induced changes in Ca 2ϩ regulation of contractility were also reflected in the changes of force under relaxing conditions (pCa 9), i.e., resting tension. Resting tension in unoxidized fibers (0.97 Ϯ 0.16 kN/m 2 , n ϭ 6) and fibers oxidized by 5 mM H 2 O 2 (1.57 Ϯ 0.09 kN/m 2 , n ϭ 3) was only a small fraction of the F max , but in fibers oxidized by 50 mM H 2 O 2 , the resting tension significantly increased (to 14.04 Ϯ 1.34 kN/m 2 , n ϭ 8), reaching ϳ70% of F max , consistent with the loss of Ca 2ϩ regulation in these fibers (Fig. 3C ). The F max and V 0 of 5 mM and 50 mM H 2 O 2 -oxidized fibers was not affected by 10 mM DTT reduction applied during our standard preparation procedure. However, when fibers oxidized by 5 mM H 2 O 2 were further reduced by 100 mM DTT (15-min incubation at 0°C), F max , resting tension, and V 0 returned to the levels observed in unoxidized fibers. In contrast, after treatment with 50 mM H 2 O 2 , these contractile parameters were not fully recovered by 100 mM DTT reduction: F max (59.7 Ϯ 5.1 kN/m 2 , n ϭ 11) remained ϳ50% lower than that of unoxidized fibers (110.5 Ϯ 3.2 kN/m 2 , n ϭ 12), resting tension (6.7 Ϯ 1.3 kN/m 2 , n ϭ 8) remained about sixfold higher than that of the unoxidized fibers (0.92 Ϯ 0.02 kN/m 2 , n ϭ 8), and V 0 remained negligible.
Effect of H 2 O 2 on Structural States of Myosin in Muscle Fibers
We determined directly the effect of oxidation on the structural state of myosin by performing EPR measurements on oxidized and unoxidized muscle fibers. EPR spectra of unoxidized fibers acquired under conditions of rigor, relaxation, and contraction were essentially the same as reported in the previous works from our and other laboratories, showing that myosin undergoes nucleotide-dependent structural transitions associated with the contractile cycle of the fibers (20, 43, 55) . Monitoring of force during EPR measurements confirmed that the inhibitory effects of oxidation on fiber contractility were not affected by the subsequent IASL labeling. The reported results were obtained on fibers that were first oxidized and then spin labeled. Control experiments showed that reversal of the modification order-first spin labeling and then oxidation-made no difference in the observed spectral changes.
EPR spectra acquired under rigor and contraction conditions were not significantly affected by peroxide treatment at either 5 or 50 mM, i.e., there was no significant effect of oxidation on X C (P ϭ 0.094, Fig. 4) , so the observed decreases in F max and V 0 (Fig. 2 ) cannot be attributed to decreases in X C . However, oxidation had a significant effect on the spectra in relaxation conditions, increasing X E from 0 (0 mM H 2 O 2 ) to 27% (5 mM H 2 O 2 ) and 34% (50 mM H 2 O 2 ) (Fig. 4) , correlating with the observed decrease in Ca 2ϩ regulation (Fig. 3) .
Effect of H 2 O 2 on Functional State of Myosin in Muscle Fibers: Myofibrillar ATPase Activities Measured Under Activating and Relaxing Conditions
ATPase activities of myofibrils under activating conditions (pCa 4.5) were much less affected by oxidation than changes in the contractile parameters of fibers. Oxidation of fibers by 5 mM H 2 O 2 had no inhibitory effect on myofibrillar ATPase activity (P ϭ 0.207), and oxidation by 50 mM H 2 O 2 decreased ATPase activity by 30% (from 2.21 Ϯ 0.15 to 1.48 Ϯ 0.06 s
Ϫ1
, n ϭ 8) (Fig. 5 ), but this decrease can provide only a partial explanation for the 85% decrease in F max and 99% decrease in V 0 (Fig. 2) . These ATPase effects were not reversed by 100 mM DTT.
ATPase activity measured under relaxing conditions (pCa 9) was enhanced from 0.11 Ϯ 0.01 to 0.29 Ϯ 0.03 s Ϫ1 after oxidation by 5 mM H 2 O 2 and to 0.78 Ϯ 0.05 s Ϫ1 (n ϭ 8) after oxidation by 50 mM H 2 O 2 (Fig. 5) . This increased ATPase activity in the absence of Ca 2ϩ (Fig. 5) is consistent with the loss of Ca 2ϩ regulation of fiber contractility (Fig. 3) . These changes in ATPase activity at pCa 9 were decreased, but not fully reversed, by 100 mM DTT reduction of fibers. 
Effect of H 2 O 2 on Functional Interaction of Myosin Purified from Muscle Fibers With Actin
The effect of oxidation on functional interaction of myosin with actin was studied by using ␣-chymotryptic S1 of myosin from fibers and actin purified from rabbit skeletal muscle. The high-salt ATPase activities of S1 from unoxidized fibers were essentially the same as those of our standard preparations of skeletal muscle S1: Ca-ATPase 0.80 Ϯ 0.01 s Ϫ1 and K-ATPase 8.37 Ϯ 0.27 s Ϫ1 (n ϭ 11; Fig. 6 ); this 10-fold difference in these activities is typical for unmodified myosin heads (72, 82) . Oxidation-induced changes in these high-salt ATPase activities, which report directly the activity of myosin, were similar for myofibrils, isolated myosin, and S1 (Fig. 6) . The values observed in Fig. 6 were not affected by treatment of fibers with 10 or 100 mM DTT. Thus oxidation-induced changes in the enzymatic properties of muscle fibers are due to changes in the myosin head S1, and this conclusion justifies the use of myosin S1 in further studies on the biochemical and chemical effects of oxidation.
Sedimentation assays showed that the K d values of weak binding (ϩATP) of actin for S1 from unoxidized and 5 mM H 2 O 2 and 50 mM H 2 O 2 -oxidized fibers were essentially the same (Table 1 ) and comparable to values reported in the previous studies from our (65) and other (16, 91, 94) laboratories. Strong binding (no ATP), measured in the presence of ADP, was in all cases near stoichiometric, with K d in the nanomolar range. Thus peroxide treatment did not inhibit binding of myosin heads to actin. Peroxide treatment did, however, have a concentration-dependent effect on the actinactivated S1 ATPase. Actin-activated ATPase activity of S1 from unoxidized fibers was similar to the previously reported actin-activated activity of skeletal muscle S1, where V max ranged from 10 to 23 s
Ϫ1
, depending on reaction conditions (15, 21, 62, 71, 94) . Oxidation by 5 mM H 2 O 2 had no effect on the extent of actin activation of fiber S1 ATPase; however, oxidation by 50 mM H 2 O 2 had a large inhibitory effect on S1, decreasing V max by ϳ60% and K m by ϳ27% (Table 1) . These results show directly that 50 mM but not 5 mM peroxide Kd of binding in the presence of ATP ͓Kd(ϩATP)͔ was calculated by fitting the data to the equation S1b/S1t ϭ ͓A͔/(͓A͔ ϩ Kd), where S1b/S1t is the fraction of subfragment 1 (S1) bound to actin and ͓A͔ is the concentration of unoccupied actin protomers. Vmax and Km of acto-S1 ATPase were determined by fitting the data to the Michaelis-Menten equation with the software package Origin 7.0. Uncertainties were determined from statistical analysis of the fits. Data were obtained from 4 independent preparations of S1.
induced changes in the enzymatic function of fibers by affecting enzymatic function of myosin head S1.
Mass Spectroscopy Analysis of Global Chemical Changes in Heavy and Light Chain of S1 Isolated from H 2 O 2 -Oxidized Muscle Fibers
We analyzed peroxide's global chemical effect by measuring oxidation-induced changes in the mass of fiber myosin head (S1) with ESI-MS. MS data for purified S1 showed mass peaks that corresponded to its heavy and essential light chains (ELC1 and ELC2) (Figs. 7 and 8) . The mass of intact S1 (ϳ110 kDa) was not detected, which suggests complete dissociation of S1 into heavy and light chains during MS analysis.
Heavy chain. Deconvoluted data for S1 heavy chain from unoxidized fibers produced a broad mass profile (Fig. 7) with a major peak at 92,350.9 Ϯ 3.4 Da (mean Ϯ SD, n ϭ 3), comparable to the mass of our (data not shown) and others' (97) preparations of ␣-chymotryptic S1. The broadening of the mass profile is likely due to the sequence microheterogeneity (88, 89) and noise inherent in the raw mass spectral data for such a large protein.
The mass profile of the S1 heavy chain was not affected by oxidation of fibers by 5 mM H 2 O 2 (data not shown). In contrast, oxidation of fibers by 50 mM H 2 O 2 caused a general shift of the heavy chain profile to higher mass values (Fig. 7) . Its most intense peak, labeled as 92,441.9 Ϯ 1.1 (mean Ϯ SD, n ϭ 2) was shifted by 91 Da relative to the main peak of S1 from unoxidized fibers and may represent the addition of 6 oxygens on the heavy chain (theoretical mass of 1 oxygen is 16 Da).
Oxidation-affected regions of the heavy chain were further determined by analysis of the mass shifts of the NH 2 -terminal 23-kDa, central 50-kDa, and COOH-terminal 20-kDa domains, obtained by limited tryptic proteolysis of S1 (51, 52) . Deconvoluted ESI-MS data for the three tryptic domains of S1 from unoxidized fibers detected a mass peak at 19,556.7 Ϯ 0.5 Da (mean Ϯ SD, n ϭ 3), corresponding to the 20-kDa domain, and at 22,982.0 Ϯ 0.8 Da (mean Ϯ SD, n ϭ 3), corresponding to the 23-kDa domain (Fig. 7) . The most intense peak in a broad mass profile at 48,048.9 Ϯ 1.3 Da was assigned to the 50-kDa domain, and the two additional peaks with masses of 48,069.4 Ϯ 0.7 and 48,091.6 Ϯ 1.2 Da most likely represent sodium adducts on the protein (Fig. 7) .
Deconvoluted ESI-MS data for the three tryptic domains of S1 from 50 mM H 2 O 2 -oxidized fibers show peaks corresponding to the domains from unoxidized fibers, as well as additional mass peaks (Fig. 7) . The data for the 20-kDa domain showed a peak at 19,556.9 Ϯ 0.3 Da and a peak at 19,572.9 Ϯ 0.3 Da (mean Ϯ SD, n ϭ 3), which is a 16.0 Ϯ 0 Da mass shift, suggesting addition of a single oxygen. The data for the 23-kDa domain showed a peak at 22,982.3 Ϯ 0.8 Da and a second peak at 22,998.4 Ϯ 0.3 Da, which is also a 16.1 Ϯ 0.1 Da mass shift, suggesting the addition of a single oxygen. This second peak domain was followed by unresolved shoulder peaks extending into higher masses, which could not be clearly resolved. Shoulder peaks were not present in the sample from unoxidized fibers; therefore we concluded that the sample from oxidized fibers may contain heterogeneous products of oxidation.
The extent of oxidation of each of the 20-kDa and 23-kDa domains was estimated by comparing the areas of peaks corresponding to the oxidized and unoxidized masses. The peak area of the oxidized form of the 20-kDa domain was 1.2 Ϯ 0.2 (mean Ϯ SD, n ϭ 3) times greater than the peak area of the unoxidized, and the peak area of the oxidized form of the 23-kDa domain was 1.4 Ϯ 0.1 (mean Ϯ SD, n ϭ 3) times greater than the peak area of the unoxidized, indicating that in both cases the oxidized form was predominant. Since the peak for the oxidized 23-kDa domain showed unresolved shoulder peaks extending into higher masses, the calculated extent of oxidation of this domain may be underestimated.
The deconvoluted data for the 50-kDa domain of S1 from oxidized fibers showed a general shift in mass profile to higher values compared with the unoxidized profile (Fig. 7) . The peak at 48,114.6 Ϯ 7.3 Da shows a mass shift of 64.0 Ϯ 6.1 Da (mean Ϯ SD, n ϭ 3) relative to the protein from unoxidized fibers and may represent the addition of 4 oxygens. The addition of 6 oxygens to all three tryptic domains (total added mass of 96 Da) is consistent with the detected mass shift of the intact heavy chain by 91 Da (Fig. 7) .
Light chains. Besides heavy chain, data deconvolution for the S1 from unoxidized fibers produced peaks at 20,860.5 Ϯ 0.2 Da and 16,569.2 Ϯ 0.1 Da, assigned to ELC1 and ELC2, Fig. 7 . Mass profiles of heavy chain (HC) and heavy chain tryptic domains of myosin S1 purified from unoxidized (top) and 50 mM H2O2-oxidized (bottom) muscle fibers. respectively (Fig. 8) . These masses are identical to the theoretical masses for rabbit fast skeletal muscle ELCs calculated from mRNA sequences: 20,859 Da (gi 127130) for ELC1 and 16,568 (gi 127135) for ELC2 (in the theoretical calculations the initial methionine was removed and the acetyl group at the NH 2 terminus was added as the blocking group; Ref. 27). The RLC, which is absent in ␣-chymotryptic S1 (96) , was detected by ESI-MS of the two-headed proteolytic fragment of myosin, HMM. The deconvoluted peak mass of 16,967.8 Da (Fig. 8) corresponds to the theoretical mass of rabbit fast skeletal muscle RLC (gi 127176) spanning residues 20 to 169, which represents an ␣-chymotryptic fragment from cleavage at F19.
The analysis of S1 from unoxidized and 5 mM H 2 O 2 -oxidized fibers showed that oxidation by this concentration of peroxide had no effect on the mass profiles of the ELCs (data not shown). We concluded that the extent of oxidative modification of S1 by 5 mM H 2 O 2 was minimal and any potentially oxidized forms were below the detection limit of the applied method.
The mass spectrum of the ELCs of S1 from the 50 mM H 2 O 2 -oxidized fibers contained peaks corresponding to the light chains of S1 from unoxidized fibers, as well as additional mass peaks. In the spectrum of ELC1, the additional masses were 20,876.9 Ϯ 0.2, 20,891.6 Ϯ 1.8, and 20,907.7 Ϯ 1.4 Da (means Ϯ SD, n ϭ 2), which is 16.4 Ϯ 0.1, 31.1 Ϯ 1.5, and 47.1 Ϯ 1.1 Da (means Ϯ SD, n ϭ 2) higher than the mass of the unoxidized form, suggesting the additions of 1, 2, and 3 oxygens. The sum of peak areas of these three oxidized forms was 2.04 Ϯ 0.10 times greater than the peak area of the unoxidized form, indicating that the oxidized form of ELC1 was the predominant form.
In the deconvoluted data for ELC2 from the oxidized fibers, the peak at 16,585.9 Ϯ 0.2 Da was shifted in mass by 16.5 Ϯ 0.1 Da relative to ELC2 from unoxidized fibers, which suggested the addition of 1 oxygen. The peak area of this unoxidized form was 1.2 times greater than the peak area of the oxidized form; however, the mass peak of the oxidized ELC2 was followed by unresolved shoulder peaks extending into the higher mass region, indicating that this calculated extent of oxidation is underestimated.
In contrast to the two ELCs, H 2 O 2 treatment of fibers did not affect the mass of the RLC, suggesting that structural environment of this light chain in muscle fiber protected it against action of H 2 O 2 .
Mass Spectroscopy Analysis of Local Chemical Changes in S1 Isolated from H 2 O 2 -Oxidized Muscle Fibers
We analyzed peroxide's local chemical effects by ESI-MS of S1 peptides obtained by exhaustive trypsin and Glu-C digestions. Two independently prepared pairs of S1 from unoxidized and 50 mM H 2 O 2 -oxidized fibers were used, and each trypsin and Glu-C digest was performed in duplicate. Thus the final analysis was performed on four sets of peptides of S1 from unoxidized fibers and four sets of peptides of S1 from oxidized fibers. At the peptide confidence level Ն95%, peptides detected by MS covered 78.3% of the sequence of S1 heavy chain (gi 13431707) and 100% of the sequence of the essential light chain ELC1. Peptides unique to ELC1 or ELC2 could not be distinguished, since they were located within the stretch of 141 COOH-terminal residues that are identical in ELC1 and ELC2 (27) .
ESI analysis of S1 peptides detected oxidation exclusively on methionines, and only those that reside in peptides consistently found in all four sets of peptides from given S1 samples are reported. Oxidations not consistent within the four sets of peptides were considered a result of accidental oxidation and are not reported. Thirteen methionine residues were found consistently oxidized to methionine sulfoxide, and one methionine residue was oxidized to methionine sulfone (Table 2) . These sites of oxidative modifications represent only a fraction of the total S1 methionines, since the known sequences of S1 heavy chain contain 22 (88) or 25 (gi 13431707) methionines and each of the ELCs contains 6 methionines (27) . However, 4 methionines of the heavy chain are located in peptides that were undetected because of one or more of the following reasons: poor ionization, signal suppression in ESI, or loss during purification process. All methionines of ELC were detected. The identity of each oxidation-containing peptide was confirmed by manual inspection of all relevant MS/MS Methionine residues found oxidized exclusively in S1 from 50 mM H2O2-oxidized fibers are shown in bold. LC, liquid chromatography; MS, mass spectroscopy; ⌬, difference between experimental (Exp.) and theoretical mass of a peptide; ELC, essential light chain; HC, heavy chain. "Yes" and "no" indicate whether oxidized methionine was found in given sample. spectra; an example MS/MS spectrum that confirms the oxidation of Met189 in ELC of S1 from the oxidized fibers is shown in Fig. 9 .
Eight of 13 oxidized methionines were present exclusively in S1 from H 2 O 2 -treated fibers and were absent in S1 from unoxidized fibers, suggesting that these sites were most likely specific targets of H 2 O 2 ( Table 2) . Five oxidized methionines found in S1 from unoxidized fibers were also found oxidized in S1 from H 2 O 2 -treated fibers, which indicates that accidental oxidation during preparations of peptides probably occurs only at the most reactive methionines, and these could be the first targets of H 2 O 2 . No oxidized methionine was found exclusively in S1 from unoxidized samples.
Effect of H 2 O 2 on Cysteine Content in S1 Isolated from Oxidized Muscle Fibers
While sites of oxidative modifications detected by ESI-MS were limited to methionine residues, H 2 O 2 is known to react also with cysteines (45, 84) . Quantitation of reactive S1 cysteines by the DTNB assay showed 8.33 Ϯ 0.65 (mean Ϯ SD, n ϭ 13) cysteines in S1 from unoxidized fibers, which is close to the 10 cysteines present in the amino acid sequence of skeletal muscle S1. Eight of these 10 cysteines are present in the S1 heavy chain, which includes the 1-809 NH 2 -terminal sequence of myosin heavy chain (88), and 2 remaining cysteines are present in the sequences of ELC1 and ELC2, each containing 1 cysteine (27) . The experimentally determined slightly lower cysteine content in S1 is probably due to incomplete unfolding of S1 and/or formation of random disulfides. Initial oxidation of S1 is unlikely because the mass of its heavy chain, as determined by MS, is consistent among independent preparations, and masses of the ELCs are the same as predicted from the amino acid sequence (Figs. 7 and 8 ). Muscle fiber oxidation by 50 mM H 2 O 2 decreased S1 cysteine content to 7.71 Ϯ 0.64 (mean Ϯ SD, n ϭ 5), i.e., by ϳ0.6 cysteines/mol. Such a small difference is not statistically significant but could contribute to the functional effect of H 2 O 2 if it represents oxidation of Cys707 (67) (8, 9, 22, 24) , and such a small difference could have been missed by the previous peptide analyses. Therefore, we performed further experiments to determine the effect of 50 mM H 2 O 2 on S1 cysteines with site-specific labeling and MALDI MS analysis.
Measurement of reactivity of Cys707 with the fluorescent derivative of iodoacetamide, IAF (81, 82) , showed that the amount of IAF bound to native S1, as determined by absorbance at 496 nm, was 0.86 Ϯ 0.04 IAF/mol S1 for S1 from unoxidized fibers and 0.88 Ϯ 0.06 IAF/mol S1 for S1 from the oxidized fibers (means Ϯ SD, n ϭ 2). This result was directly confirmed by MALDI MS analysis, showing essentially the same relative content of the IAF-Cys707 peptide in S1 from oxidized and unoxidized fibers: 1.11 and 0.97 in trypsin and Glu-C/Lys-C digestions, respectively (Figs. 10 and 11 ). Thus we concluded that Cys707 of myosin is an unlikely target of H 2 O 2 .
The cysteine coverage of S1 was increased by analysis of Glu-C/Lys-C digests of S1 labeled by IAF after denaturation in 0.1% SDS and 10% acetonitrile. Detected peptides contained IAF label at Cys402, Cys674, Cys697, and also Cys707, and the relative content of these IAF peptides in S1 from 50 mM H 2 O 2 oxidized and unoxidized fibers was 1.11 Ϯ 0.30, 0.96 Ϯ 0.20, 1.09 Ϯ 0.30, and 1.10 Ϯ 0.19 (means Ϯ SD, n ϭ 3 or 4), respectively, showing that none of these residues was oxidized.
The ICAT method (73) detected ICAT-labeled peptides with Cys402, Cys479, Cys697, and Cys794, and all of the cysteines showed a similar extent of reactivity, within the 30% error reported by the manufacturer. Thus MALDI analysis of IAFand ICAT-labeled S1 peptides showed, consistently with the ESI results, that oxidation of muscle fibers by 50 mM H 2 O 2 did not affect the content of cysteines in the myosin head.
DISCUSSION
We report that 1) oxidation-induced inhibition of muscle fiber contractility is associated with oxidative modifications of myosin when fibers are oxidized by high (50 mM) but not low (5 mM) concentrations of H 2 O 2 and 2) the functional effects of oxidation result from multiple modifications of the heavy and essential light chains of myosin.
Effects of 5 mM H 2 O 2
Five millimolar H 2 O 2 significantly inhibited F max and V 0 of fibers (Fig. 2 ), but these inhibitory effects were not associated with changes in myosin enzymatic activity (Figs. 5 and Fig. 6 , Table 1 ), indicating that myosin heads were not modified. This conclusion is directly supported by our MS analyses, which did not detect changes in the masses of heavy or light chains of S1 from such muscle fibers. Inhibition of muscle fiber contractility by 5 mM H 2 O 2 without changes in myosin head (Fig. 5) provides direct support for the conclusion from previous physiological studies on permeabilized muscle fibers that changes in contractile proteins cannot explain the effects of low (Յ5 mM) concentrations of H 2 O 2 (14, 61) . Thus inhibition of fiber function under these conditions is probably due to oxidation in the "rod" regions of myosin, such as light meromyosin (LMM) and S2 (7, 54) and/or in other muscle proteins, e.g., proteins involved in regulation, maintaining structure, or transmitting force. The recovery of contractility in muscle fibers reduced with 100 mM DTT indicates H 2 O 2 -induced reversible oxidation of cysteine residues in affected muscle proteins (19) . It is unlikely that our conditions of DTT treatment could have any reducing effect on muscle methionines (32).
Effects of 50 mM H 2 O 2
In contrast to the effects of 5 mM H 2 O 2 , inhibition of fiber contractility by 50 mM H 2 O 2 ( Fig. 2) was associated with inhibition of the enzymatic function of myosin (Fig. 5 , Table 1). Myofibrillar ATPase activities at pCa 4.5 and actin-activated ATPase of S1 both showed oxidation-induced inhibition; however, the extent of inhibition of actin-activated ATPase of S1 (ϳ60%) was much more pronounced than that of myofibrillar ATPase (ϳ30%). This difference could not be due to more selective extraction of oxidized myosin from the fibers, because the effect of oxidation on high-salt ATPases was essentially the same for the myofibrils and for isolated S1, i.e., isolated S1 accurately represents the catalytic properties of myofibrillar myosin (Fig. 6) . A possible explanation for this difference is that cooperative interactions between active and inactive myosin heads within the myosin filament in muscle fibers compensated for the loss of activity, giving rise to the previously reported less pronounced inactivation in fibers than in solution (22, 70) . However, inhibition of enzymatic function of myosin can provide only a partial explanation for the inhibition of fiber contractile properties, since reduction of 50 mM H 2 O 2 -oxidized fibers by 100 mM DTT partially restored F max without restoring V 0 or myofibrillar ATPase at pCa 4.5. This suggests that 50 mM H 2 O 2 not only affected the catalytic domain of myosin but also increased oxidation of noncatalytic regions of myosin and other muscle proteins, all of which were suggested targets of 5 mM H 2 O 2 .
Structural Basis of Oxidation-Induced Inhibition of Muscle Fiber Contractility
Analysis of EPR spectra from IASL-labeled fibers (Fig. 4) suggests a structural basis for the inhibitory effect of H 2 O 2 on the contractile and enzymatic function of myosin (Fig. 2 , Table  1 ). The increase in the fraction of myosin heads in the strongly bound structural state in relaxed fibers (X E ) but not in contracting fibers (X C ) implies a decreased fraction of myosin heads that undergoes the force-generating transition from weakly to strongly bound states during the actomyosin ATPase cycle (Fig. 12) (25, 83) . This increased X E can also explain changes in Ca 2ϩ regulation of fiber function, such as decreased pCa 50 and Ca 2ϩ threshold for tension development and increased resting tension and myofibrillar ATPase in the absence of calcium (Figs. 3 and 5) (8, 13, 47, 53) . However, the molecular mechanism of changes in the structural states of myosin is probably dependent on the concentration of H 2 O 2 : low concentration induces changes indirectly, while high concentration induces changes both indirectly and directly, by oxidative modifications of the myosin head.
Chemical Basis of Oxidation-Induced Inhibition of Muscle Fiber Contractility
ESI-MS analysis of intact S1 showed that oxidation of muscle fibers by 50 mM H 2 O 2 increased masses of heavy and light chains of S1 compatible with addition of multiple oxygen atoms (Figs. 7 and 8 ). This suggests that functional and structural effects of H 2 O 2 are not site specific but result from cumulative changes induced by oxidation at multiple sites. For example, oxidative modifications within the 23-kDa and 50-kDa domains of myosin heavy chain could affect, directly or allosterically, the nucleotide and actin binding regions (66) , and oxidative modifications in the 20-kDa domain and the ELCs could affect force generation by changing the dynamics of the light chain domain (4, 10, 11, 36, 66) .
ESI analysis of S1 peptides detected oxidative modifications exclusively at methionine residues (Table 2) , and increases in the masses of S1 heavy and light chain calculated by adding masses of oxygen atoms to these specific sites were within increases experimentally detected in the whole protein (Figs. 7  and 8 ). For example, the single-oxygen adduct of the 23-kDa domain (Fig. 7) could represent a mixture of two species, one with oxidation at Met94 and another one with oxidation at Met166. The 4-oxygen adduct of the 50-kDa domain (Fig. 7) probably includes detected oxidations at Met496 and Met542, and oxidation of Met100, Met113, and Met189 in the common region of ELC1 and ELC2 (27) could explain ELC species with 1, 2, and 3 oxygens added (Fig. 8) .
On the other hand, MS analysis of a protein digest can overestimate the extent of H 2 O 2 -induced oxidative modifications due to accidental oxidations introduced during the long processes of enzymatic digestion and LC separations. This probably explains oxidation of Met146 and Met160, which were detected in the peptides of ELCs from unoxidized fibers (Table 2 ) despite the lack of oxidation of the intact light chains from these fibers (Fig. 8) . It is also probable that the singleoxygen adduct of the 23-kDa domain (Fig. 7) has only one H 2 O 2 -oxidized methionine and another one detected in the peptides results from artifact. Similarly, inconsistency between the singly oxidized 20-kDa domain (Fig. 7) and the double oxidation of one of its peptides containing Met779 (Table 2) suggests that one added oxygen is the product of the H 2 O 2 reaction and another one, which was also found in sample from unoxidized fibers, is an artifact during sample processing. Thus while H 2 O 2 -induced mass increases on heavy and light chains (Figs. 7 and 8) can be partially explained by oxidation of methionines, we cannot eliminate the possibility that other (undetected) sites were also involved.
Comparison With Previous Studies of H 2 O 2 Treatment of Muscle Proteins
Ours is the first study to investigate specific protein modifications due to treatment of muscle fibers with H 2 O 2 , but several studies have investigated the oxidation of isolated muscle proteins. Oxidation of methionines by peroxide has been previously detected in isolated skeletal muscle actin (49, 50) , smooth muscle myosin subfragments (59) , and calmodulin (26) . Oxidation of cysteine residues has been detected in isolated myosin fragments treated in solution with peroxide (49, 50, 59) or peroxynitrite (86) . In contrast, our study clearly showed that H 2 O 2 treatment of myosin in the muscle filament lattice does not affect myosin cysteines, particularly the most reactive, Cys707 (Fig. 10) . It is not surprising that myosin cysteine reactivity is less in the muscle fiber lattice than in solution. The protective effect of actin binding on the reactivity of Cys707 has been previously documented (24) and is supported by the results of control experiments showing that the 50 mM H 2 O 2 -induced decrease in the K-ATPase activity of myosin was more pronounced when oxidation was performed on isolated myosin (4.4-fold) than when myosin was isolated from oxidized muscle fibers (2.2-fold). Thus our results indicate that oxidation-induced molecular changes in purified myosin do not necessarily mimic molecular changes that occur after oxidation of myosin in the muscle filament lattice.
Comparison of Changes in Muscle Function Associated With In Vitro Oxidation and In Vivo Muscle Aging
Our interest in the physiological relevance of H 2 O 2 was based in part on muscle aging, since age-related deterioration of muscle function was the subject of previous studies from our laboratories (43, 44, 64, 85) and it has been suggested that oxidation of the contractile proteins contributes to age-related deterioration of muscle contractility (31, 40, 43, 64, 85) . Furthermore, a possible role of H 2 O 2 in age-related deterioration of function is supported by its ability to produce a senescent phenotype in cell metabolism (18) . The inhibitory effects of 5 mM H 2 O 2 on muscle fiber contractility, as characterized by F max or V 0 (Fig. 2) , were similar to those observed for age-related effects reported previously (23, 40, 43, 44, 64, 85) .
However, when we explored the physiological and biochemical effects in more detail, some important qualitative differences between H 2 O 2 -induced and age-related effects emerged. In aging rats, the major functional effect is the decline in F max (active isometric tension), which agrees quantitatively with the decline in X C (the fraction of myosin heads in the strongbinding structural state) (43) and in the actin-activated ATPase activity of isolated myosin S1 (64) . In contrast, peroxide treatment decreases F max ( Fig. 2A) without a detectable change in X C (Fig. 4) or acto-S1 ATPase activity (Table 1) , showing clearly that peroxide and aging must affect muscle function by different molecular mechanisms. The clearest difference was in Ca 2ϩ regulation: the decrease in Ca 2ϩ regulation of force and myofibrillar ATPase was much more pronounced in peroxidetreated (Figs. 3 and 5) than aged (42, 44) muscle. EPR studies revealed the structural basis of this difference: the fraction of myosin heads in the strongly bound structural state in relaxed muscle significantly increased after H 2 O 2 treatment (Fig. 4) but not in aged muscle (43) .
It is not surprising that the effects of peroxide and aging are in some aspects similar and in other aspects different. One issue is the concentration of H 2 O 2 in the in vitro and in vivo systems. In healthy living cells H 2 O 2 is present at submicromolar concentrations (28, 29) , but its concentrations are much less defined in pathological states that result in cell damage. This probably explains why low concentrations of H 2 O 2 have been used in most in vitro studies focused on its role in healthy cells, but a much wider range of concentrations have been used in studies on the mechanism of oxidative damage. For example, oxidation of permeabilized skeletal muscle fibers was performed with 10 M to 10 mM H 2 O 2 (14, 38, 61) , but up to 280 mM H 2 O 2 was used to demonstrate higher sensitivity of bladder muscle from aged than young rats to oxidative damage (1) and up to 100 mM H 2 O 2 was used in studies on the effects of oxidation-induced damage to the epithelium (33) and myometrium (95) . Another issue in comparing the in vivo and in vitro effects of an oxidant is the time and temperature of exposure. Our H 2 O 2 treatment time was only 30 min at 25°C, while the in vivo systems are exposed to oxidants for much longer periods of time and at higher temperatures, and the effects may be amplified by age-related, slower myosin turnover rates (5, 90) . On the molecular level, the similarities and differences between the in vitro oxidation-induced and agerelated changes are dependent on the targeted proteins, amino acids, and products of oxidation, which in turn are determined by concentration and type of oxidant. Most relevant to our results is the age-related oxidation of methionine detected in various rat and mice tissues (78, 79) , although the state of methionine oxidation in individual muscle proteins and the corresponding oxidation-related functional changes have not been investigated. Thus, while our observed effects of H 2 O 2 provide some support for the "oxidative stress" hypothesis of age-related muscle weakening, the understanding of in vivo oxidation requires more studies on the targets of oxidation by a wider range of biological oxidants.
Summary
We used physiological, biochemical, structural, and chemical analysis of the effects of H 2 O 2 on the properties of muscle fibers and myosin from those fibers. Isolation of myosin from oxidized fibers allowed us to show directly that inhibition of muscle contractility is associated with oxidative modification of myosin at high, but not low, concentrations of H 2 O 2 and the inhibitory effects result from oxidations of multiple methionines in myosin heavy and essential light chains. The presented experimental approach is applicable in other studies on the role of oxidation in loss of muscle function and can be extended to studies on the mechanism of muscle recovery.
